MicroRNAs (miRNAs) are short single-stranded non-coding molecules that function as negative regulators to silence or suppress gene expression. Aberrant miRNA expression has been implicated in a several cellular processes and pathogenic pathways of a number of diseases. Evidence is rapidly growing that miRNA regulation of gene expression may be affected by environmental chemicals. These environmental exposures include those that have frequently been associated with chronic diseases, such as heavy metals, air pollution, bisphenol A, and cigarette smoking. In this article, we review the published data on miRNAs in relation to the exposure to several environmental chemicals, and discuss the potential mechanisms that may link environmental chemicals to miRNA alterations. We further discuss the challenges in environmental-miRNA research and possible future directions. The accumulating evidence linking miRNAs to environmental chemicals, coupled with the unique regulatory role of miRNAs in gene expression, makes miRNAs potential biomarkers for better understanding the mechanisms of environmental diseases.
Introduction
MicroRNAs (miRNAs) are short single-stranded RNAs of nearly 20-24 nucleotides in length that are transcribed from DNA but not translated into proteins. MiRNAs negatively regulate expression of target genes at the posttranscriptional level by binding to 3 untranslated regions of target mRNAs [1] . Each mature miRNA is partially complementary to multiple target mRNAs and directs the RNA-induced silencing complex (RISC) to identify the target mRNAs for inactivation [2] (Fig. 1) . MiRNAs are initially transcribed as longer primary transcripts (pri-miRNAs) and processed first by the RNase enzyme complex, and then by Dicer, leading to incorporation of a single strand into the RISC. MiRNAs guide RISC to mRNAs that results in post-transcriptional repression. Recently, a number of studies have demonstrated that many miRNAs are involved in the regulation of gene expression through the targeting of mRNAs during cell proliferation, apoptosis, the control of stem cell self renewal, differentiation, metabolism, development, and tumor metastasis [3, 4] . Compared with other mechanisms involved in gene expression, miRNAs act directly before protein synthesis and may be more directly involved in fine-tuning of gene expression or quantitative regulation [5, 6] . Moreover, miRNAs also play key roles in modifying chromatin structure and participating in the maintenance of genome stability [7] . MiRNAs can regulate various physiological and pathological processes, such as cell growth, differentiation, proliferation, apoptosis, and metabolism [1, 8] . More than 10,000 miRNAs have been reported in animals, plants and viruses by using computational and experimental methods in miRNA-related public databases (Table 1 ). There are approximately 900 known human miRNAs [8] . The aberrant expression of miRNAs has been linked to various human diseases, such as Alzheimer's disease, cardiac hypertrophy, altered heart repolarization, lymphomas, leukemias and cancer at several sites [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Exposure to environmental chemicals is well known to increase risks for various diseases [26, 27] . The etiological role of these chemical agents has been categorized according to their capability to alter the DNA sequence. Such information has been fundamental to determine environmental risks and our current regulatory efforts for exposure protection [28] . However, genetic mutations can only explain small portion of environmental diseases [29] . Recent evidence suggests that epigenetic factors, including DNA methylation, histone modification, and miRNAs, can regulate gene expression without involving DNA sequence changes [30, 31] . MiRNAs are newly emerged as a gene expression regulatory factor that may link environmental chemicals and their related diseases.
In this article, we review the published data on miRNAs in relation to the exposure to several environmental chemicals, and discuss the potential mechanisms that may link environmental chemicals to miRNA alterations. We further discuss the challenges in environmental-miRNA research and possible future directions.
Environmental chemicals and miRNA
Gene expression can be changed as a response to exogenous stressors such as environmental chemicals [32, 33] . Such changes may be regulated by specific miRNA(s). Growing evidence has demonstrated that environmental chemicals can induce changes in miRNA expression in experimental settings, and miRNA expression levels are associated with environmental exposures in observational studies [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . A summary of these findings, together with their respective target genes and elicited potential biologic effects, is presented below and in Table 2 .
Metals
Heavy metals are widespread environmental contaminants. Several of them are essential in certain physiological processes and some of the environmental metals have been linked to a number of diseases, such as cancer, cardiovascular diseases, and neurological disorders [48] . In addition, exposure to certain metals may also play a role in the induction or exacerbation of several autoimmune diseases [49] . Metals have been shown to affect the immune system and increase oxidative stress in animal experiments. It has been accepted that the etiology roles of heavy metals are dependent on both the genetic background and amount and duration of exposures. In recent years, there has been a greater appreciation of the role of molecular factors, in the etiology of heavy metal-associated diseases [50] [51] [52] . Experimental and observational data have also linked altered miRNA expression with exposure to arsenic, cadmium, and aluminum, as detailed below.
Arsenic
Arsenic exposure is an established risk factor for cancers, cardiovascular diseases, and neurological disorders [53] [54] [55] [56] [57] . Marsit et al. have reported that human lymphoblast cell line TK-6 grown under arsenite exposure induced significant global increases in Fig. 1 . MiRNA biosynthesis and target mRNA inactivation. MiRNA genes encode long primary miRNA transcripts, which are initially transcribed from DNA and expressed as a part of pri-miRNAs. The miRNA portion of the pri-miRNA transcript usually forms a hairpin with signals for dsRNA-specific nuclease cleavage. The dsRNA-specific ribonuclease Drosha digests the pri-miRNA in the nucleus to release a hairpin that is called premiRNA. The pre-miRNA is transported to the cytoplasm by Exportin-5 in RAS-related nuclear protein-GTP-dependent manner; then Dicer cleaves the pre-miRNA from the Drosha cut giving a mature miRNA. One strand (the 'passenger' strand) is degraded, while the other strand (the 'guide' strand) enters the RNA-induced silencing complex (RISC). The RISC targets 3 untranslated region of specific mRNAs, destabilizing the target mRNA(s) or repressing its translation. Each mature miRNA is complementary to a part of multiple mRNAs. The annealing of the miRNA to the mRNA(s) inhibits protein translation by either translational suppression or mRNA cleavage. 
Target prediction
MicroRNA.org A comprehensive resource of microRNA target predictions and tissue-specific expression profiles. Target predictions are based on a development of the miRanda algorithm which incorporates current biological knowledge on target rules and on the use of an up-to-date compendium of mammalian microRNAs. http://www.microrna.org/microrna/home.do MicroCosm Targets A web resource, previously part of miRBase, containing computationally predicted targets for microRNAs across many species. http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/ TargetScan TargetScan predicts biological targets of miRNAs for 10 different vertebrate species, TargetScanHuman considers matches to annotated human UTRs and their orthologs, as defined by UCSC whole-genome alignments. http://www.targetscan.org/ PicTar PicTar is an algorithm for the identification of microRNA targets on multiple vertebrate species, seven Drosophila species, and three nematode species. It is a searchable website that provides details on 3' UTR alignments with predicted sites, and links to various public databases. http://pictar.mdc-berlin.de/ MicroInspector A scanning software for reverse target search. MicroInspector scans target sequences to detect miRNA binding sites. http://bioinfo.uni-plovdiv.bg/microinspector/ miRecords An animal miRNA-target interaction database, including manually curated, experimentally validated miRNA targets based on literature, and predicted miRNA targets from multiple target prediction tools. http://mirecords.biolead.org/ RNAhybrid A tool for finding the minimum free energy hybridisation of a long and a short RNA that can be used for microRNA target prediction. http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/ Other resources miR2Disease A manually curated database providing microRNA information related to human diseases http://www.mir2disease.org/ PolymiRTS A database of naturally occurring DNA variation in putative miRNA target sites http://compbio.uthsc.edu/miRSNP/ SeqBuster A web-based bioinformatic tool offering a custom analysis of deep sequencing data at different levels, with special emphasis on the analysis of miRNA variants or isomiRs and the discovering of new small RNAs http://estivill lab.crg.es/seqbuster/ miRNA expression [34] . Arsenic trioxide (As 2 O 3 ) has been used as a pharmacological treatment in acute promyelocytic leukemia (APL) [58] . Cao et al. also demonstrated that numerous miRNAs were upregulated or down-regulated in T24 human bladder carcinoma cells exposed to arsenic trioxide [35] . In particular, miRNA-19a was significantly decreased, resulting in cell growth arrest and apoptosis. The arsenic-related changes in miRNA expression were shown to be reversible when the exposure was removed [35] .
Cadmium
Epidemiology investigations have associated cadmium (Cd) exposure with increased risks of cancer and cardiovascular diseases [59] [60] [61] [62] [63] . Transcriptional and post-transcriptional gene regulation is critical in responses to Cd exposure, in which miRNAs may play an important role [63, 64] . Bollati et al. have recently demonstrated that increased expression of miR-146a in peripheral blood leukocytes was significant related to inhalation of Cd-rich air particles in steel workers [36] . MiRNA-146a expression is regulated by the transcription factor NF-B (nuclear factor-kappa B), which has been implicated as an important causal link between inflammation and carcinogenesis [65] .
Aluminum
Recent investigations have demonstrated a number of miRNAs that were altered in response to aluminum exposure. For example, miR-146a in human neural (HN) cells was significantly up-regulated after aluminum-sulfate treatment. Up-regulation of miR-146a corresponded to the decreased expression of complement factor H (CFH), a repressor of inflammation [37] . In addition, a study on aluminum-sulfate-treated human neural cells in primary culture has demonstrated the increased expression of a set of miRNAs, including miR-9, miR-125b and miR-128. The same miRNAs were also found to be up-regulated in brain cells of Alzheimer patients, suggesting that aluminum exposure may induce genotoxicity via miRNA-related regulatory elements [66] .
Air pollution
Exposure to the particulate component (particulate matter, PM) of ambient air pollution has been related to increased morbidity and mortality related to cardiovascular diseases, lung cancer, and adverse respiratory effects [67, 68] . Recently, using microarray profiling, Jardim et al. have shown extensive alterations of miRNA expression profiles in human bronchial epithelial cells treated with diesel exhaust particles [68] . Out of 313 detected miRNAs, 197 were either up-regulated or down-regulated by at least 1.5-fold [68] . In workers in a steel plant nearby Milan, Italy, we have recently shown that exposure to metal-rich PM induced rapid changes in the expression of two inflammation-related miRNAs, i.e., miR-21 and miR-222, measured in peripheral blood leukocytes [69] .
Cigarette smoking
Tobacco smoking has been estimated to account for 40% of all human cancers, and more than 5 million preventable deaths every year worldwide [40] . However, the exact mechanisms responsible for smoking-related diseases and deaths are still largely unknown. Schembri et al. have recently identified 28 miRNAs that were differentially expressed in bronchial airway epithelium in smokers when compared to non-smokers [40] . Most (82%) of these miRNAs were found to be down-regulated. Smoking-induced changes in miRNA expression were suggested to contribute to altered regulation of oncogenes, tumor suppressor genes, oxidative stress, xenobiotic metabolism, and inflammation. The miRNA changes were also found to be similar to those found in previous studies of miRNAs in lung cancer tissue [40] .
Izzotti et al. have monitored the expression of 484 miRNAs in the lungs of mice exposed to cigarette smoking. In this study, down-regulation of miRNA expression was observed in most of the miRNAs affected [41] . A more recent investigation by the same group has further shown that cigarette smoking induced downregulation of 126 miRNAs by at least 2-fold, and of 24 miRNAs by more than 3-fold in lung tissue. These miRNA expression changes were associated with up-regulation of 107 genes (2.9% of the genes investigated) and 50 proteins (9.7% of the proteins investigated) [39] . Interestingly, for some miRNAs, cigarette smoking-induced downregulation could be prevented by using chemopreventive agents, such as phenethyl isothiocyanate (PEITC) indole-3-carbinol (I3C), and N-acetyl-l-cysteine (NAC) [70, 71] , suggesting that miRNAs may represent potential new biomarkers for predicting the efficacy of cancer chemopreventive agents [70, 71] . 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is a nitrosamine that can be found in a variety of tobacco products. NNK has been shown to promote the survival and growth of lung cancer cells [72] . Kalscheuer et al. have demonstrated that NKK exposure reduces the expression of several miRNAs, such as miR-101, miR-126, miR-199, and miR-34 in rat lungs [42] . The NKK-related miRNA expression profiles were similar to those observed in human lung cancer tissue [42, 73, 74] . Although most of this environmental pollutant is observed in soils, RDX and its metabolites are also found in water sources [75] . Exposure to RDX and its metabolites could cause neurotoxicity, immunotoxicity, and cancers [43] . Zhang and Pan have recently evaluated the effects of RDX on miRNA expression in mouse brain and liver [43] . In this study, out of 113 miRNAs, 10 were significantly up-regulated and 3 were down-regulated. Most of the miRNAs that showed altered expression, including let-7, miR-17-92, miR-10b, miR-15, miR-16, miR-26, and miR-181, were related to toxicantmetabolizing enzymes, and genes related to carcinogenesis, and neurotoxicity [43] .
Carbon tetrachloride
Carbon tetrachloride is a man-made chemical released in the environment through air emissions from industrial sites, as well as from landfill spillage and leaching. It has been associated with increased risk of liver cancer in epidemiology studies. Fukushima et al. have demonstrated that rat exposed to carbon tetrachloride showed down-regulation of miR-298 and miR-370 in the liver that was accompanied by hepatocyte necrosis and inflammation [44] .
Dioxin
As a known live carcinogen, the toxicity of dioxin is mediated by binding to the aryl hydrocarbon receptor [76] [77] [78] . In a xenograft mouse model of hepatocellular carcinoma, Elyakim et al. have found that miR-191 were upregulated by dioxin. has been shown to inhibit apoptosis and decreased cell proliferation [45] , suggesting that dioxin may play its pathological role via miRNA-related mechanism.
Diethylstilbestrol
Diethylstilbestrol (DES) is a synthetic estrogen that was used to prevent miscarriages in pregnant women between the 1940s and the 1960s [79] . A moderate increase in breast cancer risk has been shown both in women who were treated with DES during pregnancy, and their daughters [80] . Hsu et al. have demonstrated that the expression of 82 miRNAs (9.1% of the 898 miRNAs evaluated) were altered in breast epithelial cells when exposed to DES [81] . In particular, the suppression of miR-9-3 expression was accompanied by promoter hypermethylation of the miR-9-3 coding gene in DES-treated epithelial cells [81] .
Bisphenol A
Bisphenol A (BPA) is a chemical with estrogenic properties that has been widely used as an industrial plasticizer in epoxy resins used in food and beverage containers, baby bottles, and dental composites [82] . BPA is considered an endocrine disruptor with potential reproductive effects and a weak carcinogen associated with increased cancer risk in adult life through fetal exposures [83, 84] . Using microarray analyses, Avissar-Whiting et al. have observed an elevated overexpression of miR-146a in BPA-treated placental cell lines [46] . MiR-146a expression was associated with slower cell proliferation and higher sensitivity bleomycin-induced DNA damage [46] .
Hypothesized mechanisms linking environmental chemicals and miRNA alterations
The exact mechanisms by which environmental factors alter miRNA expression are not fully understood. In Fig. 2 , we present a hypothesized conceptual model that may help to explain the mechanisms by which environmental chemicals induce miRNA- expression alterations. Our model is centered upon inflammation and oxidative stress, which have been shown to directly affect miRNA expression [85] [86] [87] [88] [89] [90] . As such, this model might be limited to those environmental chemicals for which inflammation and oxidative stress are primary mediators of toxicity. We hypothesize that environmental chemicals may cause miRNA alterations via increasing oxidative stress and/or triggering inflammatory responses. Both oxidative stress and inflammation have been implicated and play important pathological roles in various diseases.
This hypothesis is supported by our recent investigation in which we have observed that exposure to ambient PM 2.5 and its metal components altered the expression of two inflammationrelated miRNAs, i.e., miR-21 and miR-222 [69] . These results set the stage for further analyses that can expand upon and further delineate specific mechanisms related to environmental exposureinduced miRNA changes.
Similar to protein-coding genes, miRNA expression can also be controlled or regulated by their encoding gene DNA methylation status. Whether environmental exposures affect DNA methylation of miRNA non-coding genes remains to be determined.
Challenges and future directions of environment-miRNA research
Our understanding of miRNA biology has advanced greatly in recent years. We are now at the forefront of the exciting, yet challenging, task of translating our understanding of the effects of environmental factors on miRNAs in relation to disease outcomes and to their use as biomarkers in disease prevention and treatment. However, there are a variety of questions that remain to be solved in environmental miRNA research.
Limitations of analytical technologies for miRNA expression analysis
A major challenge is represented by technological limitations of miRNA detection and discovery to achieve genome-wide, high throughput, sensitive, and accurate analysis. There is still the need for a considerable amount of work to validate miRNA profiling by either microarray or deep-sequencing profiling. The need, particularly in human environmental health studies, to analyse large numbers of samples is constrained by the relative high costs of currently available technologies. The standardization of the methods and cross-platform reproducibility are critical issues that will need to be addressed in the near future. The continuous technological advances in accurate and cost-effective miRNA detection prospect a very promising role for miRNAs as novel biomarkers of environmental chemical exposure-related diseases.
Prediction and identification of mRNA targets
A major challenge in miRNA research is the complete identification of both mRNA targets and cellular functions of miRNAs. RISC-induced mRNA cleavage or inactivation requires only partial complementarity between miRNA-mRNA pairs [2] . Therefore, based on sequence pairings, each miRNA is expected to regulate hundreds of target mRNAs. The level of complementarity is different between target site-miRNA pairs, and finding target genes has proved to be a steeper challenge than expected. Identifying and validating more targets will inevitably help to improve the predictions and our understanding of the biological role of miRNAs. There are several approaches available for target hunters, including bioinformatic predictions and experimental techniques. Thomas et al. have recently reviewed the different approaches available to the identification of miRNA-regulated genes [91] , including bioinformatic prediction, genetic approaches, mRNA microarray analysis and proteomics, miRNA overexpression or knockdown, and identification of miRISC-associated mRNAs. Computational methods have been widely used to predict miRNA targets, and to identify mRNA and proteins for further experimental validation. A list of online free-access tools for target prediction is reported in Table 1 . To date, however, the different computational methods are not in agreement with each other and cannot predict all miRNA targets as defined using high-throughput experimental methods [92] .
Identify chemical-specific miRNA(s)
The interactions of miRNAs with multiple putative mRNA targets and cellular functions puts ahead of us the opportunity to identify complex interconnected signatures of environmental exposures at different molecular substrates, including but not limited to miRNAs, mRNAs, and proteins. Identifying chemical-specific miRNA(s) will not only help our understanding of environmental disease, but may open the way to novel biomonitoring and preventive strategies. Therefore, it is critically important to be able to identify and validate miRNAs that can be induced by specific environmental chemicals and regulate gene expression.
MiRNA-environment associations: causal mechanisms or epiphenomena?
Because the environment-related miRNA changes in healthy subjects, unlike in miRNA changes in diseased tissues, are often small and may cumulate over time, it is difficult to establish the precise cause-effect relationships among environmental chemicals, miRNA alterations, and diseases. The induced miRNA alterations are also often reversible upon the removal or mitigation of the environmental exposure, suggesting that chronic exposure may be necessary to permanently alter the expression of miRNAs [34] . A longitudinal study approach with multiple measures of exposures and miRNA expression at multiple times would be ideal to study miRNA dynamics in relation to environmental chemical exposures. Future studies will need to demonstrate the contribution of environment-miRNA interaction to environmental human disease.
Conclusion
The rapidly growing evidence linking miRNAs and environmental chemical, coupled with the unique regulatory role of miRNAs in gene expression, makes miRNAs potential biomarkers for elucidating the mechanisms and developing more effective prevention strategies for environmental diseases. To achieve a better understanding of miRNA biology and its pathological role, large longitudinal population studies of miRNAs in relation to exposure to environmental chemicals are warranted. Future studies will also need to integrate analyses of down-stream target mRNAs and investigate the interplays with genetic and other epigenetic factors, such as DNA methylation of miRNA encoding genes.
